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The constant attack on DNA by endogenous and ex-
ogenous agents gives rise to nucleobase modifica-
tions that causemutations, which can lead to cancer.
Visualizing the effects of these lesions on the struc-
ture of duplex DNA is key to understanding their bio-
logic consequences. The most definitive method of
obtaining such structures, X-ray crystallography, is
troublesome to employ owing to the difficulty of ob-
taining diffraction-quality crystals of DNA. Here, we
present a crystallization system that uses a protein,
the DNA glycosylase AlkA, as a scaffold to mediate
the crystallization of lesion-containing duplex DNA.
We demonstrate the use of this system to facilitate
the rapid structure determination of DNA containing
the lesion 8-oxoguanine in several different se-
quence contexts, and also deoxyinosine and 1,N6-
ethenoadenine, each stabilized as the corresponding
20-flouro analog. The structures of 8-oxoguanine
provide a correct atomic-level view of this important
endogenous lesion in DNA.
INTRODUCTION
The ability of the genome to support normal cellular homeostasis
and to transmit genetic information is directly dependent upon
how well its covalent structure is preserved. Inside of cells,
DNA is under constant attack by exogenous environmental
toxins and cellular metabolites, insults that can produce various
covalent nucleobase modifications such as methylation, hydro-
lytic deamination, oxidation, and alkylation (Friedberg et al.,
1995; Lindahl, 2004). Left uncorrected, these lesions can cause
mutations affecting nearly all aspects of genome function, in-
cluding transcription, DNA replication, and recombination, and
also nongenomic processes such as cell-cycle progression
and apoptosis. The mutations that result from cellular misman-
agement of such lesions are the cause of cancer (Engelward
et al., 1998; Jelinsky and Samson, 1999).
To counter the threat posed by DNA lesions, all cells have
evolved repair mechanisms charged with the responsibility for
locating damaged sites and correcting them. Among the most1166 Structure 16, 1166–1174, August 6, 2008 ª2008 Elsevier Ltdcommon of these lesions are those in which one or, in some
cases, two adjacent nucleobases become damaged; depending
on the particular structures of the nucleobase lesions, they are
corrected by one or more of four distinct pathways, namely,
base-excision (BER), nucleotide-excision (NER), direct reversion
(DRR), andmismatch excision (MMR). In all four pathways, struc-
tures of lesion-containing DNA bound to cognate repair proteins
have provided a treasure trove of information regarding lesion-
specific recognition and catalysis of repair. High-quality struc-
tures of the lesions alone in naked DNA have been harder to
come by, however. The paucity of protons upon which to base
intramolecular distance measurements in DNA limits the accu-
racy of NMR structures. The method most suited to obtaining
atomic resolution, X-ray crystallography, has proven unreliable
because of the difficulty of obtaining diffraction-quality crystals
of DNA. Although structures of a number of important lesions
have been solved despite these limitations, some of these
‘‘solved’’ structures provide only a partial structural answer,
and many more yet remain to be elucidated at all. The major im-
pediment to crystallization of DNA, indeed nucleic acids in gen-
eral, is believed to be the high concentration of negative charge
on its surface, which provides a repulsive barrier to side-on inter-
actions in the crystal lattice. Evenwhen crystals are obtained, the
DNA is often found to adopt the unphysiologic A form conforma-
tion, owing to the high organic content and salt concentration of
the crystallization media. In the case of RNA, Doudna and co-
workers demonstrated that engineering a bound protein into
the crystal lattice could substantially improve crystallization,
and this method has since yielded numerous high-resolution
structures of otherwise naked RNA (Ferre-D’Amare and Doudna,
2000). Georgiadis and coworkers have extended this host-guest
concept to duplex DNA, using a fragment of the Moloney murine
leukemia virus reverse transcriptase to host DNA oligonucleo-
tides in the presence and absence of ligands (Cote and Georgia-
dis, 2001; Cote et al., 2000; Goodwin et al., 2005). Here, we
report an alternative host-guest system that employs a base-
excision DNA repair protein. In the studies described below,
the DNA repair protein 3-methyladenine DNA glycosylase
(AlkA) is shown to complex with the ends of a DNA duplex,
thereby enabling facile formation of a three-dimensional crystal
lattice that provides large, diffraction-quality crystals. We
demonstrate the generality of this method as applied to
single-base lesions by solving structures of DNA containing
two important nucleobase lesions, 8-oxoguanine (oxoG) andAll rights reserved
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Structures of Lesion-Containing DNATable 1. Data Collection and Refinement Statistics
Speciesa FdI:T FdI:A F3A:T oxoG:A oxoG1:C oxoG6:C oxoG8:C
Unique reflections 67,627 61,455 36,783 60,184 60,019 52,651 64,696
Completeness (%) 99.5 (96.0) 96.6 (96.6) 97.2 (92.9) 99.2 (93.6) 98.1 (87.4) 97.8 (84.5) 95.1 (89.7)
Resolution (A˚) 50–2.3
(2.38–2.30)
50–2.3
(2.37–2.26)
50–2.8
(2.90–2.80)
50–2.4
(2.49–2.40)
50–2.4
(2.49–2.40)
50–2.5
(2.59–2.50)
50–2.3
(2.38–2.30)
Rsym (%)
b 5.0 (35.2) 3.9 (14.9) 6.5 (54.3) 5.3 (36.1) 4.2 (17.6) 3.4 (22.6) 6.1 (27.9)
<I>/s<I> 21.7 (2.2) 26.8 (5.4) 10.6 (2.0) 17.6 (2.0) 29.4 (3.6) 25.0 (2.4) 30.5 (3.1)
Rwork (%)
c 22.1 23.9 21.3 21.8 21.8 21.9 21.7
Rfree (%)
d 25.5 28.0 27.4 27.1 26.0 27.3 25.9
Rms deviation from ideal geometry
Rmsd bond (A˚) 0.007 0.007 0.008 0.007 0.007 0.007 0.007
Rmsd angle () 1.256 1.290 1.348 1.243 1.238 1.283 1.252
a Values in parentheses are for the highest-resolution shell. Numbers for the oxoG species represent their position in the DNA duplex.
bRsym = SjI  <I>j/SI, where I is the integrated intensity of a given reflection.
c Rwork = SjFo  Fcj/SFo.
dRfree = SjFo  Fcj/SFo, calculated with 10.0% of the data.1,N6-ethenoadenine (3A). These structures provide the first, to
our knowledge, definitive structures of oxoG in DNA, here in mul-
tiple sequence contexts.
RESULTS
Crystal Structure of the AlkA:Lesion DNA Complex
AlkA is an E. colimonofunctional DNA glycosylase that catalyzes
the hydrolytic deglycosylation of a series of positively charged,
but otherwise structurally diverse, lesions from DNA, including
N7-methylguanine, N3-methyadenine, O2-methylthymine, and
O2-methylcytidine (Bjelland et al., 1993, 1994). AlkA can also
cleave neutral cyclic base adducts such as 3A, deaminated ba-
ses such as hypoxanthine, and certain normal bases in mis-
matched base pairs (O’Brien and Ellenberger, 2004; Saparbaev
et al., 1995; Saparbaev and Laval, 1994; Terato et al., 2002).
Crystal structures of AlkA have been determined in unliganded
form (Labahn et al., 1996) and bound to DNA containing a transi-
tion-state mimic of the glycosylic-bond cleavage, 1-azaribose
(Hollis et al., 2000); however, as yet, there exists no structure
of AlkA bound to lesion-containing DNA. Our original goal in
this study was to visualize, at atomic resolution, AlkA bound to
duplex DNA containing a bona fide lesion nucleobase.
In an attempt to crystallize a complex of AlkA bound to a le-
sion, we screened various hypoxanthine-containing oligonucle-
otides complexed with AlkA for the ability to form cocrystals.
The hypoxanthine-bearing nucleoside in these oligonucleotides
was synthetically 20-b-fluorinated, a substitution known in other
cases to forestall base excision while preserving lesion recogni-
tion (Barrett et al., 1999; Iwai et al., 1995; Scharer et al., 1997;
Scharer and Verdine, 1995). Diffraction-quality cocrystals of
one such complex were obtained, and the structure was solved
by molecular replacement to 2.3 A˚ resolution (Table 1). The
asymmetric unit in our crystals was found to contain four mole-
cules of AlkA (Figure 1A), each being ‘‘dimerized’’ (AlkA is
a monomer under physiologic conditions) to another in pre-
cisely the same way as in the structure of the AlkA:azaribose
DNA complex (compare Figures 1A and 1B) (Hollis et al.,
2000). However, the DNA-binding mode of AlkA observed inStructure 16, 116the present hypoxanthine structure is completely different
from that seen previously in the azaribose structure. The azari-
bose structure is that of a lesion-recognition complex (LRC). In
this structure, each AlkA protomer is bound at the middle of
a single DNA duplex, the DNA is sharply bent, and the analog
is extruded from the helical stack and inserted deep into the en-
zyme active site (Figure 1B). In our hypoxanthine structure, each
AlkA protomer is bound to an end of a DNA duplex, and each
DNA end contains a bound AlkA molecule (Figure 1C), such
that the asymmetric unit consists of two AlkA dimers bridged
by two DNA duplexes (Figure 1A). In contrast to the distorted,
protein-invaded duplex DNA in the azaribose LRC (Hollis
et al., 2000), the two duplexes in the hypoxanthine complex
are nearly naked throughout their central portion, they lack
any significant degree of bending, and they posses fully intact
base pairs. The hypoxanthine-containing structure is therefore
not an LRC, but instead can be described as a host/guest com-
plex (HGC) in which two AlkA dimers host two bound duplex
DNA guests. The DNA duplexes in the asymmetric unit of the
hypoxanthine HGC are held by AlkA at nearly right angles
with respect to each other (Figure 1A) and are separated by
a water-filled chasm; the DNA molecules in this complex are
completely devoid of intermolecular contacts to neighboring
DNA molecules.
Although distinct, the DNA-binding modes in the azaribose
LRC and the hypoxanthine HGC are clearly related. Superposi-
tion of the protein component of the two complexes (rmsd of
0.37 A˚ for all Ca atoms) (Figure 2) reveals that the entire duplex
segment on the 30 side of the lesion in the LRC binds AlkA in the
same way as a DNA end in the HGC. That is, the DNA end in the
hypoxanthine HGC is behaving as a lesion, mimicking the 30 du-
plex segment in the LRC, but altogether lacking a 50 flank.
Indeed, in both structures, the signature helix-hairpin-helix
(HhH) motif is positioned so as to contact the DNA backbone
immediately 30 to the ‘‘lesion’’; this motif is common to all
members of the glycosylase superfamily to which AlkA belongs
(Doherty et al., 1996; Guan et al., 1998; Nash et al., 1996). The
intercalating probe residue, Leu125, which inserts itself into
the DNA helical stack at the site of the lesion in the LRC, similarly6–1174, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1167
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Structures of Lesion-Containing DNAFigure 1. Structure of the AlkA:DNA Host/Guest Complex
(A) Ribbon representation of the asymmetric unit in the AlkA:DNA host/guest complex (HGC) structure, with four AlkA monomers bookending two DNA duplexes.
The two AlkAmonomers in green are those that interact with the DNA duplex comprising chains G and H; this half of the structure is slightly more ordered than the
other half and hence was used for the analyses throughout this work.
(B) Ribbon representation of the AlkA azaribose lesion-recognition complex (Hollis et al., 2000). One of the AlkA monomers is colored cyan. Note the difference in
the DNA-binding mode between (A) and (B).
(C) Ribbon representation of the two AlkA monomers interacting with DNA chains G and H, (same as in [A]). Shown in red is the signature helix-hairpin-helix DNA-
bindingmotif common to all members of the superfamily to which AlkA belongs. The loop colored in gold contains residues 249 and 251, which also participate in
interactions with the DNA. The water molecule mediating protein:DNA interactions is colored in magenta, whereas the side chain of Leu125 is shown in blue.
(D) Schematic representation of the AlkA:DNA interactions. The prime sign (0) represents residues interacting from the second AlkA protomer.abuts a helical segment in the HGC, with Leu125 in each proto-
mer capping an end of the DNA duplex (Figures 1C and 1D). The
1 nt overhang present on one end of the DNA is disordered in the
crystal and has therefore been omitted from our model (Figures
1C and 1D). The contacts made by AlkA to each end of the HGC
are pseudosymmetric, with the side chain of Thr219 and the
main chain amides of Gly214 and Gly216 forming hydrogen
bonds to the phosphate backbone of the DNA. Additionally,
density that we fit best to an ordered water molecule is apparent
at the DNA interface; in the AlkA LRC, this was modeled as a so-
dium ion. The sole pseudosymmetric contact to the center of the1168 Structure 16, 1166–1174, August 6, 2008 ª2008 Elsevier LtdDNA involves a single phosphate on each strand that appears to
hydrogen bond simultaneously to the Thr249 side chain and the
Ala251 main chain (Figures 1C and 1D); these interactions are
not observed in the LRC, because the DNA duplex in that struc-
ture is not long enough to reach Thr249 and Ala251. Superposi-
tion with the HGC provides a zeroth-order model of elongating
the DNA in the LRC, and, by this analysis (Figure 2, yellow ar-
row), the Thr249 and Ala251 phosphate contacts should be con-
sidered part of the contact repertoire used by AlkA to recognize
lesion-containing DNA. The DNA duplexes in the hypoxanthine
HGC DNA structure are normal B form DNA with a slight,All rights reserved
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Structures of Lesion-Containing DNAdelocalized bend of 15. This is in contrast to the azaribose
LRC structure, in which the DNA has a pronounced 66 bend
localized sharply at the site of the lesion (Hollis et al., 2000).
Although the hypoxanthine HGCdoes not yield any insight into
recognition and removal of this mutagenic lesion by AlkA, the
structure does provide valuable information on the structure of
the lesion itself in a nearly naked B form duplex. As mentioned
above, truly high-resolution structures of lesions in naked DNA
Figure 2. Ca Superposition of the AlkA Azaribose LRC Structure
onto an AlkA/DNA Subunit from the AlkA HGC
The rmsd of the LRC (the protein is colored cyan as in Figure 1B; DNA colored
white) onto the HGC subunit (colored as in Figure 1C) is 0.37 A˚. The crimson
dot denotes the position of the phosphate that hydrogen bonds with the pro-
tein backbone at positions 249 and 251 (yellow loop); this phosphate is the only
element of the otherwise naked central portion of the DNA that is contacted by
the protein. The major sites of protein:DNA interaction are colored as in
Figure 1C.Structure 16, 116have proven difficult to obtain; therefore, we turned our attention
to the use of this host/guest system to illuminate the effects of
lesions on DNA structure. The two guest duplexes in the HGC
are nearly identical, with an average rmsd of 1.1 A˚ for all atoms.
However, of the two guest duplexes in the hypoxanthine HGC,
one (chains G+H) has better electron density and lower B factors
than the other (E+F) (Figure 1A). Therefore, the analysis of the
DNA structures to follow was performed on DNA strands G+H
(Figure 1, duplex bound to green protomer).
Structure of 20-Fluoro-20-Deoxyinosine Base Paired
with Adenine and Thymine
Hypoxanthine, the base in the nucleoside 20-deoxyinosine (dI), is
a product of the deamination of adenine and leads to misincor-
poration errors during transcription and replication given its abil-
ity to form stable base pairs with adenine, thymine, and cytosine
(Singer and Kusmierek, 1982). The hypoxanthine HGC structure
described above had the lesion (20-fluoro,20-deoxyinosine [FdI])
paired opposite A. To compare this with the structure of the le-
sion opposite T, we crystallized that complex in the same man-
ner and solved its structure (Table 1), again obtaining an HGC.
A structure of DNA containing hypoxanthine paired opposite A
has been determined previously (Corfield et al., 1987), offering
an opportunity to validate the AlkA scaffolded system. The struc-
ture of an oligonucleotide containing hypoxanthine paired oppo-
site T has also been determined (Cruse et al., 1989); however, the
conformation of the DNA in that structure is A form, precluding
meaningful comparison with our structure.
In the FdI:A HGC, the FdI adopts a syn glycosidic torsion an-
gle. N1-H of FdI hydrogen bonds with N7 of adenine, whereas
O6 of FdI hydrogen bonds with N6-H of adenine (Figure 3A). In
contrast, when FdI base pairs with T, both bases possess the
anti glycosidic configuration; O6 of FdI hydrogen bonds with
N3-H of dT, and N1 of FdI hydrogen bonds with O2 of dT
(Figure 3B). The C10-C10 distances are 10.6 A˚ and 10.5 A˚ for
the FdI:A and FdI:T base pair structures, respectively, typical
values for B form DNA. There is no apparent distortion of the
global geometry of the DNA duplex upon incorporation of the
FdI DNA lesion. The average rise per residue is 3.3 A˚, the sugar
pucker conformation for most of the bases within the structure isFigure 3. Analysis of FdI:A and FdI:T Base
Pairs
(A and B) Structure of FdI base paired with (A) ad-
enine and (B) thymine. The nucleotides are repre-
sented as sticks; atoms are colored as follows:
carbon, green; nitrogen, blue; oxygen, red; phos-
phate, orange; and fluorine, cyan. The Fo  Fc
electron density map of the base pair is repre-
sented as a mesh contoured at 3s. Black, dotted
lines represent hydrogen bonds.
(C) Effect of 20-fluorine substitution on the deoxy-
ribose sugar pucker of the FdI base. The color
scheme is as in (A).
(D) Stick representation of the FdI base and the
neighboring base, T9, illustrating the microenvi-
ronment of the 20-fluorine atom. Dotted lines indi-
cate distances from the 20-fluorine to the three
nearest atoms. All representations are from the
FdI:A structure.6–1174, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1169
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6.7 A˚ for both structures, all values that are typical of normal B
form DNA. The characteristics of the FdI-containing DNA struc-
tures are consistent in every respect with those seen in the pre-
viously reported structure of DNA containing 20-deoxyinosine
(Corfield et al., 1987).
One point of difference with the previously reported structure
is in the sugar pucker of the lesion, which was reported as C20-
endo for dI:dA but is here observed to be O40-endo for FdI:A
and FdI:T (Figure 3C). The O40-endo sugar conformation is well
accommodated within the overall B form DNA geometry. This
same alternative sugar conformation was also seen in the crystal
structure of DNA containing 20-deoxy-20-fluoro-arabinofuranosyl
thymine (Berger et al., 1998). In that structure, potential clashes
between the 20-fluorine (F20) and the hydrogen atom of the C6
carbon on the modified thymine as well as between the F20
and the exocyclic methyl on the adjacent T nucleotide 30 to the
modified base greatly restrict the positioning of the fluorine
atom and hence the accessible sugar puckers. In the structures
of FdI presented here, and of F3A presented below, similar re-
strictions on the positioning of the fluorine substituent apply.
For example, in the FdI:A structure, the distance between the
F20 and the C8 carbon on the purine ring is 3.2 A˚ (Figure 3D),
which places the F20 and C8-H in van der Waals contact; the
F20 is also in van der Waals contact with the C5-methyl on the
30-T nucleoside (F-C distance, 3.0 A˚, Figure 3D). Any change in
the sugar pucker, for instance to generate the C20-endo confor-
mation, would result in a steric clash between F20 and both of
these contact partners. Therefore, it appears that the O40-endo
sugar conformation is that which minimizes steric clashes with
F20, yielding the most stable duplex overall.
Structure of 20-Fluoro-20-Deoxy-1,N6-Ethenoadenine
Base Paired with Thymine
Metabolic epoxidation of the carcinogen vinyl chloride leads to
the formation of chloroethylene oxide and chloroacetaldehyde
(Guengerich et al., 1979), which can form mutagenic adducts
with amine-containing nucleobases (Barrio et al., 1972; Kus-
mierek and Singer, 1982; Leonard, 1984). One such adduct
that has received particular attention, 3A, forms a stable Hoogs-
teen base pair with a misinserted dG (Leonard et al., 1994). The
3A lesion also pairs with T (Singer et al., 1984; Singer and Spen-
gler, 1986), despite the apparent absence of any suitable hydro-
gen-bond acceptor/donor functional groups on 3A to stably in-
teract with T. An NMR study on DNA containing an 3A:T base
pair was unable to arrive at an unambiguous structural solution,
but proposed a model in which the T could be accommodated
within the DNA duplex by displacement of the T nucleotide either
50 or 30 of the 3A ring (Kouchakdjian et al., 1991).
Here, we have used the AlkA HGC system to determine the
first, to our knowledge, unambiguous structure of DNA contain-
ing a 3A:T base pair, solved by X-ray crystallography to 2.8 A˚ res-
olution (Table 1). To prevent repair of the lesion by AlkA, we 20-
flourinated the lesion nucleoside (F3A:T). The pairing of the F3A
with T in this structure is remarkably similar to an A:T pair; both
nucleosides have an anti glycosidic torsion angle (Figure 4A)
and little local or global distortion of duplex geometry. To accom-
modate both the bulky tricyclic ring of the F3A and the pyrimidine
ring of T within the DNA duplex, the T is displaced toward the1170 Structure 16, 1166–1174, August 6, 2008 ª2008 Elsevier Ltd Abase 30 (T19) to it (Figure 4B). The displacement of the T nucleo-
tide results in noncoplanarity in the F3A:T base pair (Figure 4C).
The bulky etheno group is also accommodated in the 3A:T pair
by an increase in the mean distance separating the two nucleo-
bases, and hence their attached sugars; the C10-C10 distance
between F3A and T is 11.4 A˚, slightly greater than the 10.85 A˚
seen in ideal B form DNA. An additional accommodation is pro-
vided by the T adopting the O10-endo conformation, which
though nonstandard is well accommodated in the overall B
form duplex. The sugar pucker for the F3A ribose ring is O40-
endo, which results from the fluorine-dependent effects de-
scribed above. The properties of the base pair (T19:A7) located
50 to the F3A lesion also appear to be modestly perturbed by
the displacement of T18. Though clearly engaged in a canonical
Watson-Crick pairing interaction, the angle of propeller twisting
for the T19:A7 base pair is 16.6, substantially higher than
the average propeller twist angle for the rest of the DNA duplex
(9.3) (Figure 4C). The increase in propeller twist of this base
pair might promote more favorable base-stacking interactions
with the T18:F3A base pair, which could help to stabilize the
F3A:T pair, devoid though it is of hydrogen-bonding interactions.
In summary, modest conformational changes within the local en-
vironment of the bulky F3A lesion allow for its incorporation into
DNA without major distortion of the global duplex geometry,
even when positioned opposite a nucleobase with which it can-
not pair through conventional hydrogen bonding.
Figure 4. Analysis of the F3A:T Base Pair
(A) Stick representation of the F3A:T base pair. The color scheme is the same
as in Figure 3. The Fo Fc electron density map of the base pair is represented
as a mesh contoured at 3s.
(B) F3A:T and the neighboring base pairs. The color scheme is as in Figure 3.
(C) The F3A:T base pair as viewed from the major groove, illustrating the
propeller twist angle of T18. The color scheme and electron density map are
as in (A).ll rights reserved
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Structures of Lesion-Containing DNAStructures of 8-Deoxyguanine Base Paired
with Cytosine and Adenine
Reactive oxygen species produced as the result of normal aero-
bic respiration covalently modify the nucleobases of DNA to pro-
duce genotoxic lesions. The most common product of oxidative
damage to DNA, oxoG (Shigenaga et al., 1989), causes muta-
tions by preferentially mispairing with dA during processive
DNA replication, thereby giving rise to G/T transversion muta-
tions (Shibutani et al., 1991). Consequently, organisms have
evolved an array of repair enzymes to specifically recognize
and remove oxoG from DNA. The process by which these en-
zymes search, recognize, and excise oxoG from DNA has been
studied quite extensively by using a combination of biochemical
and structural techniques (Banerjee et al., 2005, 2006; Banerjee
and Verdine, 2006; Bruner et al., 2000; Coste et al., 2004;
Fromme et al., 2003, 2004; Fromme and Verdine, 2002, 2003;
Gilboa et al., 2002; Guan et al., 1998; Lingaraju et al., 2005; Mas-
siah et al., 2003; Norman et al., 2003; Radom et al., 2007; Serre
et al., 2002; Sugahara et al., 2000; Zharkov et al., 2000, 2002).
Despite this rich body of data on recognition of oxoG while in
the grasp of repair proteins, the structure of the lesion in naked
DNA has not been determined unambiguously. A structure of na-
ked B form DNA containing an oxoG:dC pair has been reported
(Lipscomb et al., 1995) (PDB ID: 183D), and this has provided
useful insights into base pairing by the lesion and its overall effect
on helix geometry. However, errors in parameterization of the
oxoGmoiety have compromised the ability to interpret this struc-
ture in fine detail; specifically, the geometry around C8 is tetrahe-
dral in the deposited structure, when in actuality, the geometry is
trigonal planar, the geometry around C10 is trigonal planar when
it should be tetrahedral, and the purine ring of oxoG is buckled
when it should be planar. These artifacts render the structure in-
capable of shedding light on the effect of the 8-oxo substituent
on the pucker of its own sugar, a factor that appears to play
a role in lesion recognition by the oxoG DNA glycosylase MutM
(A. Banerjee andG.L.V., unpublished data). As the original reflec-
tion data for oxoG:C in naked DNA are no longer available, we
decided to employ the AlkA HGC system to redetermine the
structure, this time in multiple sequence contexts.
We determined three structures of oxoG:C located at base
pairs 1, 6, and 8 in the DNA (Figure 1D; Table 1). The three crystal
structures of oxoG opposite cytosine reveal that they interact in
normal Watson-Crick fashion with both oxoG and C, and that
they have prototypical anti glycosidic rotamers; the glycosidic
torsion angles are 113.65, 88.9, and 103.47 for oxoG at
the 1, 6, and 8 positions, respectively, as compared with an av-
erage between 84 and 144 for purines in ideal B form DNA.
The hydrogen-bonding pattern observed for the oxoG:C base
pairs in our structures is the same as for a normal G:C base
pair (Figures 5A–5C). The hydrogen-bonding distances of the ox-
oG:C pair are similar in the three structures (Figures 5A–5C), and,
indeed, the pairs superimpose with an rmsd of 0.191 A˚. Interest-
ingly, some slippage of the lesion base pair is observed when it
resides at the 6 position, but not at the 1 or 8 positions (compare
Figure 5B with Figures 5A and 5C). We note that one of the com-
parator G:C base pairs is also slipped somewhat (Figure 5A,
right), but this pair resides at a different position in the duplex
from the slipped oxoG:C; such slippage may therefore be within
the normal range of variation for G:C and oxoG:C pairs. The pres-Structure 16, 116ent structures reveal unambiguously the sugar pucker of the
oxoG nucleoside to be C20-endo, the standard sugar pucker
for nucleosides in B form DNA. The O8-C20 distance for the three
oxoG:C structures is 3.0 A˚ (Figures 5A–5C), slightly greater
than the van der Waals contact distance (2.85 A˚). This distance
is long enough to avoid a steric clash between C20 and O8, but it
is short enough that a glycosidic bond rotation that shortens the
distance could force a change in sugar pucker. The C10-C10 dis-
tances for the oxoG:C base pairs are 10.6 A˚, as compared with
10.85 A˚ for ideal B form DNA, and no obvious distortion of the
helix is observed.
A correctly parameterized structure of DNA containing oxoG:A
has been previously reported (McAuley-Hecht et al., 1994). To
further validate the AlkA HGC system, we determined the
structure of a duplex containing oxoG:A at base pair position 8
(Figure 5D). Our structure is fully consistent with the previously
determined one, with oxoG adopting a syn glycosidic conforma-
tion so as to Hoogsteen pair with an antiA. The overall character-
istics of the base pair, including its hydrogen-bonding distances
(3.1 A˚ and 2.9 A˚, Figure 5D) and its C10-C10 distance of 10.6 A˚,
closely match the reported literature values. No obvious pertur-
bation of helical geometry is evident.
DISCUSSION
The present work began with an attempt to obtain crystals of an
AlkA LRC. Instead, we obtained crystals of a complex in which
the enzyme was not bound to the middle region of the duplex
containing the lesion, but was bound at the ends. Such end-
bound complexes have been observed for other DNA glycosy-
lases (Barrett et al., 1998; Wibley et al., 2003). Interestingly, the
DNA in these end-bound structures mimics the stretch of DNA
in LRCs flanking the lesion on one side.
Here, we have used the fact that AlkA in our end-bound struc-
ture hosts an almost naked stretch of duplex DNA to solve sev-
eral structures of important lesions. Several of these structures,
notably those of the FdI:A and oxoG:A lesions, obtained by the
AlkA HGC system are similar in all important respects to those
obtained previously.
We also report the structures of a number of lesions for which
previous structures were inconclusive, namely, FdI:T, F3A:T, and
oxoG:C, in three different sequence contexts. The most impor-
tant finding is that the sugar pucker in the oxoG:C base pair is
the canonical C20-endo, but that the C20 and O8 are close
enough to each other that even a modest rotation about the gly-
cosidic bond could force a change in sugar pucker. Indeed,
structures of MutM bound to non-lesion-containing DNA have
revealed that the protein buckles the target base pair by pre-
cisely such a rotation about the glycosidic bond. These observa-
tions raise the formal possibility that MutM distinguishes an
intrahelical G from oxoGby an 8-oxo-dependent change in sugar
pucker induced by buckling of the target base pair.
We note the presence of a minor, delocalized 15 bend in all of
the DNA duplexes that were structurally elucidated in this study.
Given the uniformity in the nature of this bend in duplexes bear-
ing different lesions, it is apparently not lesion specific, but in-
stead is either an intrinsic property of the duplex sequence
used here, or arises as the result of crystal packing forces.
That being the case, we do not recommend the use of this6–1174, August 6, 2008 ª2008 Elsevier Ltd All rights reserved 1171
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Structures of Lesion-Containing DNAFigure 5. B-Form DNA Containing oxoG:dA or oxoG:dC Base Pairs
(A–C) The oxoG:C base pairs (left column) with oxoG in the (A) one position, (B) six position, and (C) eight position within the DNA duplex. In the right column, G:C
structures in the same positions within the DNA as the respective lesion are shown.
(D) Structure of oxoG base paired with adenine. The color scheme, Fo  Fc electron density map and hydrogen bonding are represented as in Figure 3.system to characterize minor global deviations on DNA structure
caused by the presence of lesions. On the other hand, lesions
that dramatically distort the global DNA structure may not be ca-
pable of attaining the packing arrangement found in the HGC
structures reported here. In such cases, it may be necessary to
screen additional DNA constructs to obtain crystals that provide
high-quality diffraction data.
EXPERIMENTAL PROCEDURES
AlkA Expression, Purification, and Crystallization
The gene encoding full-length E. coli AlkA (residues 1–282) was amplified by
PCR and cloned into the expression vector pET30a (Novagen). The protein
was expressed in E. coli Rosetta(DE3) cells at 16C for 16 hr after induction
with 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG). The cells were lysed
by using sonication, and the protein was purified to near homogeneity by using
a nickel NTA column. Proteolysis to remove the 6XHis tag was performed at
4C for 48 hr with 1.5 U/ml thrombin (Novagen). To remove minor impurities,
AlkA was further purified on a MonoS (Pharmacia) ion-exchange column,1172 Structure 16, 1166–1174, August 6, 2008 ª2008 Elsevier Ltdand selected fractions were pooled and dialyzed into a buffer containing
10 mM Tris-HCl (pH 7.4), 100 mM NaCl, and 4 mM DTT.
Oligonucleotides were synthesized on an Expedite Nucleic Acid Synthesis
System and were purified by PAGE. The 20-fluorinated phosphoramidites
were synthesized by known procedures (Scharer and Verdine, 1995), whereas
the oxoGphosphoramiditewas purchased fromGlen Research. The sequence
of the lesion-containing DNA strand is 50-GACATGAYTGCC-30, where Y is the
location of the different lesion bases. The sequence of the complementary
strand is 50-GGCAZTCATGTCA-30, where Z is the base opposite the lesion.
The strands were annealed in TE buffer (10 mM Tris-HCl [pH 7.4], 1 mM
EDTA) plus 20 mM NaCl and were mixed with purified AlkA protein to yield
a protein:DNA complex of 8 mg/ml protein.
Initial crystals were grown with AlkA:FdI-containing DNA at 25C by using
the hanging-drop vapor-diffusion method, with the drop consisting of a 1:1 ra-
tio of the stock protein:DNA solution and a reservoir solution of 17%PEG 4000,
100 mM Na HEPES (pH 8.1), 100 mM NaCl, 50 mM MgCl2, and 8% ethylene
glycol. Crystals of the other AlkA:lesion DNA complexes were grown by a com-
bination of cross- and macro-seeding techniques into drops containing a 1:1
ratio of protein:DNA stock solution and a reservoir solution consisting of 15%
PEG 4000, 100 mM Na HEPES (pH 7.9–8.1), 100 mM NaCl, 50 mMMgCl, and
8% ethylene glycol. Prior to data collection, the crystals were placed in aAll rights reserved
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Structures of Lesion-Containing DNAsolution containing 18% PEG 4000, 100 mM Na HEPES (pH 8.0), 100 mM
NaCl, 50 mM MgCl2, and 12% ethylene glycol for 3 hr, placed in the same
solution with 20% ethylene glycol for 1 hr, and flash frozen in liquid nitrogen.
Structure Determination
Data for all of the AlkA:lesion DNA complexes were collected on the SBC-CAT
beamline 19ID and the NE-CAT beamline 24-ID at the Advanced Photon
Source (APS), Argonne National Laboratory. Data were processed with
HKL2000 and were merged with SCALEPACK (Otwinowski and Minor,
1997). The crystals have four protein molecules and two DNA molecules in
the asymmetric unit and belong to the monoclinic space group P21 with unit
cell dimensions, on average, of a = 93.5 A˚, b = 100.9 A˚, c = 103.0 A˚, and a =
g = 90 b = 93.8. Molecular replacement, by using the unliganded AlkAmono-
mer (Hollis et al., 2000) (PDB ID: 1DIZ) as a search model, was performed on
crystals containing the AlkA:FdI DNA complex by using PHASER (Read,
2001) as part of the CCP4 program suite (CCP4, 1994). The best solution after
rigid-body refinement with CNS (Brunger et al., 1998) had an R factor of
36.12%. 2Fo  Fc and Fo  Fc maps showed clear density for the DNA. The
DNA was fitted to the density by using the program COOT (Emsley and Cow-
tan, 2004), and the model was refined in CNS interspersed with model building
and fitting of water molecules. For crystals containing the other DNA lesion
species, the above-described model without the lesion base pair was used
as an initial model. After rigid-body refinement in CNS, Fo  Fc maps revealed
clear density for the differing DNA lesion base pairs. These lesions were fitted
to the electron density maps by using COOT and were refined in CNS. Crystal-
lographic statistics for all of the lesion DNA crystal structures are presented in
Table 1.
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Coordinates and structure factors have been deposited under PDB accession
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